Objectives: Lung scintigraphy is non-diagnostic in most patients suspected of pulmonary embolism when performed in planar mode. Tomographic mode could improve lung scan performance but has not been rigorously assessed. In this study we assessed the usefulness of tomographic mode in patients with a non-diagnostic lung scan scintigraphy.
INTRODUCTION
The new Pioped recommendations for the diagnosis of pulmonary embolism have relegated ventilation/perfusion (V/Q) scintigraphy as the first imaging test to a minority of situations [1] . Patients with severe iodine allergy, impaired renal function, pregnant women or women of reproductive age represent the minority of patients in whom pulmonary scintigraphy is still indicated. A careful analysis of the recommendations of the Pioped II investigators shows however that pulmonary scintigraphy may be useful in patients with discordant findings between pre-test clinical probability assessment and computerized tomography (CT) or in patients with thrombus at the sub segmental level only.
Although CT scan has hold its promises, morbidity induced by iodinated contrast media and breast radiation in women are a concern. The vast majority of patients (a mean of 75%) who undergo a CT scan for suspicion of PE have no PE [2] [3] [4] [5] [6] [7] [8] [9] , most are women [10] and breast radiation during CT scan is far superior to the absorbed dose with lung scintigraphy (20-50 mGy versus 0.3 mGy) [10] [11] [12] . This greatly exceeds the American College of Radiology recommendations of < 3mGy for standard two-view mammography. Breast radiation delivered by CT scan approaches or exceeds levels known to increase the probability of cancer [12, 13] ).
Since lung scintigraphy has still a role in PE diagnosis, with no contra-indications and side-effects and a low breast radiation, any improvement in its diagnostic performances would be welcome.
Single Photon Emission Tomography (SPECT) lung scintigraphy, i.e. lung scintigraphy in tomographic mode, has been studied by several authors [14] [15] [16] [17] [18] , but clear evidence of its usefulness has not been established yet. In Pioped studies, lung scintigraphy was performed in planar mode. The aim of our study was to assess the usefulness of tomography in patients in whom planar lung scan performed as a first imaging test was not contributive.
MATERIALS AND METHODOLOGY
This study has been approved by the ethics committee and informed consent was obtained from all subjects.
Selection of Patients
Three hundred and ninety two consecutive patients with clinical suspicion of acute PE (less than five days since the onset of symptoms) with elevated plasma D-dimer were refered for a lung scintigraphy performed as a first-line imaging test. V/Q was performed first as an imaging test by the referring practitioners for one or several of the following reasons: normal chest X ray, lack of availability of CT in an emergency setting, knowledge of our study where V/Q had to be performed first. Patients who had already undergone CT scan were excluded. Two hundred and fifty of them had a diagnostic planar extracted lung scan, performed as described further.
Tomographic lung scintigraphy performances were assessed in the 142 remaining patients with a non-diagnostic lung scan. Further exclusion criteria were pregnancy, age less than 18 y, absolute contra-indications to contrast medium, previous history of PE.
Procedures
V/Q lung scan, plasma D-dimer measurement, chest radiography, CT scan and lower-limb US were done systematically within 48 h after admission.
V/Q Scintigraphy: SPECT
The V/Q lung scan was performed exclusively by a SPECT technique using a double-head camera equipped with low-energy, high resolution, parallel-hole collimators (ADAC Vertex Plus and Sopha DST XL). Ventilation scan were done after inhalation of 445 to 555 MBq 99m Tc Technegas over 3-5 respiratory cycles which leads to a radiation exposure of up to 1.6 mSv. Perfusion scan was done immediately after the ventilation scan with a mean activity of 300 MBq 99m Tc labelled macro-aggregated albumin ( 99m Tc-MAA) (radiation exposure 3.3 mSv). This protocol leads to a total radiation exposure of up to 4.9 mSv.
All patients remained in supine position throughout the examination.
A 360° SPECT acquisition of the pulmonary ventilation and perfusion was performed using a 128 x 128 matrix.
A 180° rotation per head was done in 32 steps of 30 s each for ventilation and 20 s each for perfusion studies. Accordingly, the total acquisition time for ventilation and perfusion SPECT studies was 27 minutes. No respiratory gating was performed. Reconstruction of coronal, sagital and transversal slices was done by filtered back-projection followed by two iterations with a fifth-order Butterworth filter and a cut-off frequency at 0.45.
V/Q Scintigraphy: Planar Images
Planar images on six views were created from the SPECT datasets of the ventilation and perfusion scans. Two consecutive projections were extracted and assembled to create anterior, posterior, right and left lateral, right and left oblique posterior views. This corresponds to extracted planar images. For ethical reasons, it was unacceptable to increase by 30 minutes the examination time to perform an additional regular planar study in patients suspected of PE.
In a preliminary study, we performed in 20 patients a blind comparison between regular planar images and the views obtained as previously described. Although image quality was better in the former than the latter views, final diagnosis established by a consensus reading of 3 independent referees was identical in all patients. Higher doses of radiotracers than usual were used in this study in order to get count statistics enabling the use of extracted planar images as an alternative to regular planar views. Extraction of planar projections from the SPECT datasets is an accepted substitute for planar views [17, 19] .
Interpretation Criteria
V/Q planar lung scan: lung scans were classified as normal, very low, low, intermediate, or high probability for PE according to the updated criteria of the PIOPED II study. Lung scans of low and intermediate probability were considered non-diagnostic. V/Q SPECT lung scan: the images of patients with a noncontributive planar scintigraphy were separately visually interpreted by two independent experienced readers unaware of the results of CT scan and lower-limb US. In case of discordant reading, a simultaneous interpretation was performed by the two readers in order to reach a consensus.
Final result had to be sorted according one of the 3 following readings:
• very high probability for PE • no PE • non-diagnostic procedure.
Very High Probability for PE
At least one segmental or sub-segmental (more than 15% of a segment) perfusion defect with a normal corresponding ventilation (mismatch defect) ( Fig. 1) .
No PE
At least one matched defect (no ventilation and no perfusion) with no corresponding opacity on chest radiography, patient with ventilation and perfusion abnormalities, with more pronounced ventilations defects, absence of ventilation and perfusion of a complete lobe, • ventilation and perfusion defects extending along the expected scissures, (Fig. 2 ).
• bilateral and symmetrical perfusion defects at both bases with pyramidal shape, • perfusion abnormalities which do not match with anatomical segments.
Non-Diagnostic Procedure
Association of a corresponding ventilation and perfusion defect with a corresponding opacity on chest radiography (triple match defect), quality of the procedure considered as too low. Since all patients had a non-diagnostic V/Q planar lung scan, no patient could have a normal lung SPECT.
Multidetector-Row CT
CT scans were performed on a 4-detector multislice CT (MSCT) system Mx 8000 (Philips Medical Systems, Cleveland, Ohio). The scanning parameters were as follows: 0.5 s scan time, 4 1 mm section thickness, 120 kV and 100 mAs. Scans were performed during full inspiration whenever possible. Non-ionic intravenous contrast medium (Omnipaque 300, Nycomed, Princeton, NJ) was injected with a power injector at rates of 3.0 ml/s for a total volume of 100 ml. Scan delay was determined by bolus timing software. The plasma D-dimer level was measured within the first day after admission with VIDAS D-dimer (Bio-Mérieux,), a quantitative enzyme-linked immuno-sorbent assay (ELISA). A plasma D-dimer level superior to 500 ng/L was considered as positive.
Lower-limb venous compression US consisted of examination of the iliac, common and superficial femoral, popliteal and sural veins. The criterion for diagnosing deep-venous thrombosis was non-compressibility of the vein and/or the presence of a thrombus. Upper-limb US was not performed.
Establishing and Excluding Pulmonary Embolism
The diagnosis of PE was confirmed if: (1) multidetectorrow CT showed a picture of thrombus in a main or lobar or a segmental branch of a pulmonary artery or at least two thrombus at the subsegmental level and/or (2) US showed a thrombus or/and non compressibility of the vein.
The diagnosis of PE was ruled out if both multidetectorrow CT and US showed no-thrombus, except in patients with high clinical probability of PE in whom pulmonary angiography had to be performed.
In patients with single sub-segmental thrombus on CT, since specificity of such findings is low, the diagnosis of PE was established if one at least of the following criteria was present: a high clinical probability of PE, a positive lowerlimb US, a corresponding defect on lung SPECT.
Follow-Up
In patients without PE but a V/Q lung SPECT read as very high probability for PE, a 6-month follow-up was performed.
Statistical Analysis
Continuous variables are expressed as mean ± SD and categoric data are expressed as percentage. True and false SPECT results were assessed on the basis of the diagnosis given by the association of multidetector-row CT and US. The statistic was used as a measure of agreement between (1) the two readers of lung SPECT and (2) 
RESULTS

Study Population
The tomographic images from one hundred and forty-two patients out of 392 ( Fig. 3) with clinically suspected acute PE and a non-diagnostic V/Q lung scan were initially interpreated. Forty-five patients (18 male, 27 female, mean-age 77.1 ± 13.2 y) were secondarily excluded because of absolute contraindications to the administration of contrast medium (36 patients with renal failure defined by a serum creatinine level exceeding 200 mol/L, 9 patients with prior hypersensitivity to contrast medium).
Two patients were excluded from analysis because of unsatisfactory opacification of the pulmonary arteries.
We evaluated 95 patients (32 male, 63 female, mean-age 63.6 yr ± 18.2). Thirty one patients (33%) were known to have an obstructive lung disease and 67 patients (70.5%) had an abnormal chest-ray on admission. Fig. (3) . Flow chart summarizing the enrollment and diagnostic procedure.
Diagnosis of PE was done in 20 patients (21%), 15 with a positive multidetector-row CT and 5 with a positive lowerlimb US. PE was ruled-out in 75 patients (79%) with both negative CT and US. No patient had to undergo pulmonary angiography.
Lung SPECT Findings
Lung SPECT findings were concordant with final diagnosis in 77 patients (82%), 15 patients with PE and 62 patients without. (Table 1) In 17 patients (18%), lung SPECT findings were discordant with final diagnosis, 4 patients (4%) with PE and 13 (14%) patients without.
Lung SPECT was non-diagnostic in 1 patient with a triple match defect corresponding to PE with pulmonary infarction. All 4 patients with PE and a negative lung SPECT had a single segmental non-occluding thrombus on multidetectorrow CT scan. US was performed in 3 of them and no phlebitis was found.
In 13 patients with no PE but a positive lung SPECT, all patients had sub-segmental defects only, 8 patients with a single and 5 patients with a double sub-segmental defect.
Overall diagnostic performances of V/Q SPECT are given in Table 2 . Table 2 
Lung SPECT Inter-Observers Concordance
Lung SPECT interpretation was concordant in 81 (85%) patients and discordant in 14 (15%) patients with = 0.60. In discordant patients, a consensus was always reached.
Follow-Up
Follow-up was performed at 6 months in patients in whom PE was ruled out but a positive lung SPECT (13 patients). During the follow-up, two patients were lost, one patient died of cancer, one patient had a phlebitis proven by US and 9 patients were free of events. However 3 of these 9 patients were under chronic anticoagulant regimen because of atrial fibrillation at the inclusion of the study.
DISCUSSION
The goal of our study was to determine the usefulness of SPECT in patients suspected of acute PE and with a nondiagnostic V/Q lung scan. Lung tomography in combination with our developed set of criteria for image interpretation virtually eliminates non-diagnostic exams. Concordance with a reference procedure combining multidetector-row CT and lower-limb US is high (80% of patients).
Suppression of non-diagnostic scans with SPECT comes from a major increase in image quality resulting in better confidence in image interpretation and from our interpretation chart. It has been shown that overlapping structures result in image worsening when planar imaging is used [20, 21] and this is particularly true in lung scan where numerous segments are entangled. SPECT enables to get rid of most of the environment when analysing a specific zone and the visual comfort brought by its use is obvious. It should be reminded that SPECT has totally eclipsed the planar mode in myocardial and brain scintigraphy but V/Q lung scan is still performed in planar mode in most of institutions.
A high concordance between lung SPECT and the final diagnosis was obtained by means of specific criteria of interpretation. These criteria were developed during a previous step in which a variety of findings on SPECT exams were compared to multidetector-row CT images. These criteria result from our own experience and can be criticized but at this time they are the only ones to be available in the setting of non-diagnostic lung scan. One could argue that it is unfair to perform a comparison between planar and SPECT imaging using different criteria of interpretation. One must realise that the criteria we developed for SPECT interpretation cannot be used for planar imaging. SPECT imaging enables to assess the shape of defects, the presence of small subsegmental defects or extension of a defect into the treasure for example. This cannot be seen on planar imaging. Lung scan interpretation relies mainly on the notion of matched or mismatched defect. A mismatch defect however can be found not only in PE but also in other conditions such as vascular compression by a tumor, lung vasculitis or idiopathic pulmonary fibrosis. With a major improvement in image quality, SPECT enables to go further into the interpretation process.
Use of our criteria lead to a diagnosis in all but one patient who had a triple match defect, i.e. a chest opacity with a matched V/Q defect. Since this kind of finding may correspond either to pulmonary infarction (which was the right diagnosis in this case) or a parenchymal disease (such as pneumonia), lung SPECT cannot reliably differentiate these two conditions. It should be noted that no SPECT was considered as non-diagnostic because of insufficient image quality. Even though ventilation scans may exhibit non-optimal quality in patients with advanced obstructive lung diseases when using Technegas [22] , this was never, in our series, a reason for technical failure. Diagnostic performances in our study should be compared with PIOPED II latest results [23] where sensitivity and specificity of V/Q scanning reached 77% and 98% respectively once nondiagnostic studies were removed. Our data show that lung SPECT exhibits an excellent negative predictive value to rule out PE when planar lung scan is non-diagnostic, which is similar to the negative predictive value of D-dimer levels less than 500 ng/mL. If confirmed by others, a negative lung SPECT would safely rule out PE in patients with a non-diagnostic lung scan. Positive predictive value is rather disappointing but related to our diagnostic workup for PE, based upon the results of multidetector-row CT combined with US. Although such a strategy has been validated and is now widely used, it may have some shortcomings, particularly when PE is falsely ruled out. The association of CT scan and US has been validated by outcome studies showing that anticoagulation withhold is safe when PE is excluded [1] [2] [3] [4] [5] [6] [7] [8] [9] . This does not mean that patients with both negative CT scan and US have no PE. In Pioped II, 11% of patients with a negative CT scan and an intermediate probability clinical assessment for PE had PE [1] . However, undiagnosed small PE shows a low incidence of symptomatic recurrent PE. As recently pointed out by Perrier et al. [24] and Stein et al. [25] , outcome studies and accuracy studies do not equate. As our study was an accuracy study, the lack of a real gold standard to diagnose PE should lead to a careful interpretation of the diagnostic performance of lung SPECT and a comprehensive analysis of patients with discordant results. Seventeen patients (18%) had discordant diagnosis on lung SPECT according to our diagnosis procedure, 13 patients (14%) without PE and 4 patients (4%) with PE. All thirteen patients with no PE on CT but a positive lung SPECT had sub-segmental perfusion defects only, 8 of which had a single sub-segmental defect. These patients can be considered as false positive, i.e. a misleading interpretation of lung SPECT. Multidetectector-row CT has not however a 100% sensitivity in detecting distal sub-segmental thrombus. A six-month follow-up for thrombo-embolic events was performed in order to assess the prognosis of such findings but our small population did not lead to definite conclusions. Because therapeutic abstention in such patients seems associated with a favourable outcome [26] , there is currently no mean of certainty at this time to determine whether these sub-segmental defects correspond to PE or no.
Four patients had segmental PE on CT without corresponding defect on SPECT. These four clots were considered as non-occlusive. No segmental occluding thrombus was missed by lung SPECT. Perfusion lung scan is a functional imaging modality where albumin macroaggregates are infused and trapped in the capillary bed. If a non-occlusive thrombus is present, albumin macroaggregates can still reach the capillary bed and no defect will be observed. Since perfusion V/Q and CT scan are two imaging modalities relying on different principles, i.e. visualization of a perfusion defect versus imaging of a thrombus, this kind of discrepancy is not surprising. Whether a non-occlusive segmental thrombus has the same prognosis as an occlusive one remains to be evaluated.
Our findings do not confirm the retrospective study of Reinartz et al. [17] where lung SPECT did not prove to be superior to planar mode in patients with a non-diagnostic lung scan. Major differences in methodology such as a questionable diagnostic work-up for PE [27] , inclusion criteria and SPECT interpretation criteria probably account for this discrepancy. If lung SPECT could not help in patients with non-diagnostic planar lung scan and could only increase the number of detectable defects as well as change the established value of a normal planar lung scan, lung SPECT would offer a dubious clinical help.
In our study, the proportion of patients in whom CT scan was contra-indicated (31%) is somewhat high but illustrates the daily routine. Because of the design of our study, only patients with non-diagnostic planar V/Q lung scan had been analysed. Most of these patients had an abnormal chest radiography as well as an underlying lung and/or heart disease.
Patients not eligible for CT were older. These population characteristics explain the high proportion of contraindication to CT. Although new generation CT minimize indepth radiation exposure, the absorbed dose to the breast is however at best not diminished and remains a concern. The high proportion of patient drop-out for CT on one hand and radiation burden on the other, stress the need for a technique with no or few contra-indications and side-effects.
In daily practice, V/Q lung scan is performed as a firstline imaging test in patients with normal X-ray only or when CT scan is contra-indicated. In many institutions, CT scan is performed as a first-line imaging test in all patients. Our study demonstrates that lung SPECT can dramatically lower the rate of non-diagnostic scans and that overall agreement with CT scan is high. One could argue that V/Q scan should be performed as a first-line imaging test only in patients with contra-indications to CT scan. This may represent a very significant proportion of patients in routine, as high as 40% [28 ] . Since most patients who undergo a CT scan do not have PE, alternate imaging modalities without side-effects should be promoted. In patients with chest radiography opacities who need further diagnostic procedures, CT scan is justified as a first-line imaging test since it may bring an alternate diagnosis to PE. In patients with abnormal X-ray because of obstructive lung disease or heart congestion in whom V/Q scan is generally non-diagnostic, the use of lung SPECT should lead to a renewed interest. In these patients, since V/Q lung SPECT has no contra-indications and no side-effects, its use as a first-line diagnostic imaging test seems justified. Lung SPECT did perform reliably with no technical failure and good inter-observers reproducibility. Software under development and respiratory gating [29, 30] will probably help in routine to rapidly assess regions of mismatch and to improve overall diagnostic performances.
CONCLUSION
Our study shows that nearly all non-diagnostic V/Q lung scans (99%) can become diagnostic when SPECT is per-formed. Correlation with a procedure combining multidetector-row CT scan and lower-limb US when using our criteria of interpretation is high in patients referred for suspicion of acute PE. Discordance was found only in patients with subsegmental defects on lung SPECT or non-occluding segmental thrombus on multi-slices CT. Lung SPECT exhibits an excellent negative predictive value to rule out PE. Easy to perform on a daily basis, with no contra-indications and no side-effects, the performance of lung SPECT should lead to position lung tomography as a useful tool in the diagnosis strategy of PE and relegate the planar mode.
